I. INTRODUCTION
The calibration of high power lasers is often accomplished by the use of water-cooled calorimeters, 1 which are often comprised of a radiation absorbing cavity and a black coating. Several black coatings have been used [2] [3] [4] [5] to cater to the increasing need of high irradiance lasers. The application of multiwalled carbon nanotubes ͑MWCNTs͒ and singlewalled carbon nanotubes ͑SWCNTs͒ as thermal detector coatings has also been explored. [6] [7] [8] In our earlier work, we demonstrated a high damage threshold up to 15 kW/ cm 2 upon exposure to 1.06 m irradiance for MWCNT coatings. Raman spectra data have suggested the onset of structural changes in the nanotube coating upon exposure to high power irradiance. Other past experiments and simulations also indicated changes in the nanotube samples after exposure to lasers operating at different wavelengths. Bai et al. 9 grew aligned CNT films on quartz by the use of a chemical vapor deposition process and exposed the film to a 1.06 m neodymium doped yttrium aluminum garnet ͑Nd:YAG͒ continuous laser in an atmosphere of carbon dioxide. They observed that the exposed nanotube sample had relatively lesser amorphous carbon content than the unexposed CNTs. The authors determined an optimum irradiance of 19 W / cm 2 for the removal of amorphous carbon. Huang et al. 10 demonstrated preferential destruction of metallic SWCNTs by exposure to a 514.5 nm argon ion laser and a 632.8 nm helium-neon laser. The relative intensities of the Raman signal for the radial breathing modes as well as the D-band and G-band intensities were used as indicators of the presence of semiconducting and metallic nanotubes in the exposed sample. More recently, Zhang et al. 11 demonstrated structural changes in double-walled CNTs upon exposure to a 355 nm pulsed ultraviolet laser. The exposed sample consisted of hollow and solid carbon nanofibers as well as onionlike structures. The authors suggested a transformation mechanism for these carbon structures based on the photon energy, which breaks the structure resulting in the formation of many fragments. By increasing the laser energy, these structures coalesce, eventually leading to the formation of nanoparticles. Hurst et al. 12 also demonstrated structural and topological changes in nanotube coatings after their exposure to 248 nm irradiance. The present work explores the structural evolution of nanotube coatings upon exposure to incrementally higher power levels of a 1.25 kW Nd:YAG laser operating at 1.06 m. The samples were produced by airbrush spraying of commercially obtained MWCNTs and SWCNTs on copper. The sprayed nanotubes were then selectively exposed to incremental laser irradiance up to the level where visual damage to the coating was observed in the form of continuous sparking. 8 Selective exposure of the sample to different irradiance levels was then correlated with the structural changes occurring in the coating through electron microscopy and Raman spectroscopy. In addition to the sprayed CNT samples, a commercially obtained vertically aligned MWCNT sample was also tested and analyzed. The topological study of the exposed nanotube coating is motivated by the need for improvements in the nanotube coating for high power laser calibrations. The topology changes could be implemented to further improve the damage threshold to higher irradiance levels that will be required of future thermal detectors.
II. MATERIALS AND METHODS
Commercially obtained MWCNTs and SWCNTs were used to create the coatings for the experiments. The nanotubes ͑10 wt %͒ were dispersed in chloroform and the mixture was sonicated for a duration of 10 min. The dispersed CNTs were sprayed onto a copper substrate and dried in air prior to experiments. The entire sample was divided into a grid of 14 areas ͑each area was 1 ϫ 1 cm 2 ͒ with each area exposed to a different irradiance. During irradiance the sample was mounted on a holder with port connections for cooling water. 13 It is to be noted here that the coating thickness was not uniform over the sample substrate area ͑62 ϫ 24 mm 2 ͒. The experimental setup employed a 1.25 kW Nd:YAG laser operating at 1.06 m. The incident radiation was allowed to pass through a beamsplitter. One beam was directed to a separate monitor power meter, while the other beam was focused onto the sample by an aperture and focusing lens arrangement. The sample holder comprised of a rectangular plastic ͑polyoxymethylene͒ block with a recess for holding the sample. Ports on either end of the block allowed for the flow of water to cool the sample. The resulting water flow direction was perpendicular to the optical axis, and its mass flow rate was determined by a Coriolis flow meter. Calibrated commercial thermistors were mounted on the inlet and outlet water channels to measure the change in water temperature upon transit through the sample. 13 The absorbed power was calculated from the cooling water flow rate and the change in the water temperature. The calibration factor used to determine the incident power was evaluated by replacing the sample holder with a water-cooled power meter. Each area on the grid was sequentially exposed to laser light for a fixed duration and increments of irradiance. Then the beam was refocused on a different area on the grid at lower irradiance prior to exposure to the next higher irradiance ͑relative to the previous area͒. The procedure was repeated until the irradiance was reached at which continuous sparking on the nanotube sample was observed. One of the areas was left unexposed for comparison with the exposed regions of the nanotube coating.
The grids were then analyzed by the use of Raman spectroscopy and electron microscopy. The Raman spectroscopy measurements were performed by the use of a 488 nm excitation produced by an argon ion laser operating at ϳ12 mW. The beam was focused on an area of ϳ0.25 mm 2 , and the scattered light was analyzed by the use of a 270 mm grating spectrometer. 8, 12 For the electron microscopy analysis, the copper substrate was directly attached to the electron microscope sample holder by using carbon tape. Information from the Raman spectra was tabulated to assist in correlation with the structural changes observed by the use of electron microscopy. Further details of the experimental setup are described elsewhere. 8, 12, 13 Figures 1͑A͒ and 1͑B͒ show images of the exposed grids of SWCNTs and MWCNTs, respectively.
III. RESULTS AND DISCUSSION
An evaluation was performed by Raman spectroscopy on the unexposed and exposed regions of the SWCNT as well as the MWCNT grids. The ''G-band'' is representative of the in-plane vibrational modes of carbon in the curved graphite lattice, whereas the "D-band" is generated through the presence of defects and non-nanotube impurities. 14, 15 Figures 2͑A͒-2͑H͒ depict the Raman spectra for the MWCNT coating upon exposure to different incident power densities. It can be observed that for the sample exposed to 4.94 kW/ cm 2 irradiance, a shoulder feature appears in the G-band, centered at a Raman shift of 1600-1650 cm −1 . The shoulder is seen at higher irradiance as well. There is also evidence of the seed of another peak, centered at a Raman shift of 600-700 cm −1 , in the grid area exposed to an irradiance of 10.9 kW/ cm 2 . The Raman spectra depict the presence of additional peaks at an irradiance of 14.2 kW/ cm 2 . The exposed copper could have resulted from the locally lower coating thickness resulting in coating ablation at a relatively lower irradiance compared to the damage threshold. The ratios of intensities of the D-band and G-band ͑I D / I G ͒ ͑see Table I͒ are always higher for the exposed areas relative to those of the unexposed spot. This result is a representative of changes in the amount of defects and the degree of graphitization in the CNT coating.
14 Table I also lists the evaluated full width at half maximum ͑FWHM͒ of the D-band. It can be observed that the FWHM of the D-band is consistently lower for the exposed areas compared to that for the unexposed areas, suggesting the removal of amorphous The Raman spectra results were supplemented with scanning electron microscopy ͑SEM͒ images of the exposed MWCNT grids. Figures 3͑A͒-3͑H͒ et al. 16 also described the presence of bright spots on MWCNT samples exposed to laser irradiation. These spots were attributed to the aggregation of the nanotube bundles upon burnout of selective nanotubes in their threedimensional prototyping process. In our work, we also attributed the bright spots to aggregates of nanotubes resulting from exposure to high irradiance. There was stronger presence of these aggregates with increasing irradiance levels. At irradiance exceeding 11 kW/ cm 2 , the SEM images depicted the formation of pockets of nontubular structures on the surface of copper and also suggested their evolution with increasing irradiance. These moundlike structures ranged in diameter from less than 250 up to 500 nm. Similar carbon clusters and protrusions were observed by Kichambare et al. 17 in their experiments with exposing CNT coatings to 266 and 1064 nm pulsed lasers. The results support the claim that the structure of the nanotubes was undergoing changes with increasing irradiance. The higher I D / I G ratios at all the exposures suggested disorder in the nanotube wall. At lower irradiance, the SEM images did not reveal significant changes except for the appearance of bright spots attributed to the bundling of nanotubes. However, at irradiance over 11 kW/ cm 2 , the excess energy transformed CNTs into carbon nanoparticle aggregates. These aggregates were structurally different from nanotubes as observed in the SEM images and also the Raman data. These nanoparticle aggregates could have eventually coalesced at higher irradiance, to result in the observed carbon clusters. With increasing irradiance, the temperature across the exposed grid area also increased to values sufficient to locally oxidize thin regions of the CNT coating. A similar observation was also made by Zhang et al. 11 at ultraviolet wavelengths. The carbon clusters so formed at high irradiance, exceeding 14 kW/ cm 2 , also demonstrated high absorbance efficiencies, as noted in our previous experiments with MWCNT coatings. 8 In a separate experiment, commercially obtained vertically aligned MWCNTs grown on copper were exposed to irradiance under identical experimental conditions. However, the sample demonstrated a very low damage threshold of 0.5 kW/ cm 2 . The aligned MWCNTs were grown on the copper substrate by use of a buffer layer to prevent the catalyst nucleating spots from diffusing into the copper. It is possible that upon exposure to the laser irradiance, the thermal energy encountered additional resistance from the buffer layers. The increased resistance led to a high temperature gradient across the MWCNT sample, thereby resulting in lower damage thresholds. The SEM images of the exposed aligned MWCNT sample are shown in Figs. 4͑A͒-4͑D͒. It is interesting to note that there is aggregation of the nanotube tips at several locations. Localized coating ablation could have resulted in mechanical instabilities in the nanotube bundles, causing individual nanotubes to twist, and while in proximity, strongly bundle by virtue of van der Waals forces.
The experiment was repeated with a SWCNT coating but at lower irradiance compared to that of the MWCNT exposure levels. Figures 5͑A͒-5͑C͒ depict the Raman spectra of the exposed areas up to irradiance levels of 4.8 kW/ cm 2 . As was the case with the MWCNT sample, the I D / I G ratio of the exposed samples was higher compared to the unexposed sample ͑see Table II͒, suggesting the onset of disorder in the CNT coating. There was no specific trend in the FWHM of the D-band evaluated for the different exposed grids. The Raman spectra also depicted spectral peaks at Raman shifts ranging from 800 to 1000 cm −1 for the grid area exposed to irradiance around 4.5 kW/ cm 2 ͓see Fig. 5͑B͔͒ . However, the high energy shoulder observed with MWCNTs was absent in the case of SWCNTs. SEM images of the SWCNT sample revealed no significant differences from the unexposed sample. The lack of precise control over the incremental steps of the irradiance resulted in exposure levels well over the damage threshold of SWCNT coatings. The high irradiance resulted in the burnout of the SWCNT coating, thereby preventing a detailed study of the structural evolution of the SWCNT coating. However, from the few areas salvaged from complete burnout, there was no evidence of distortion of the Raman spectra or the formation of carbon mounds. Our earlier thermal measurements with nanotube coatings 8 have demonstrated higher thermal resistance for SWCNTs compared to that for MWCNTs. The higher resistance led to high temperature gradients across the coating even for smaller incident power increments, leading to instantaneous oxidation of the SWCNTs.
IV. CONCLUSIONS
In this work, a systematic study was undertaken to study the evolution of damage in MWCNT and SWCNT samples exposed to a 1.25 kW Nd:YAG laser operating at a wavelength of 1.06 m. Raman spectroscopy measurements of both damaged samples demonstrated an increase in the I D / I G ratio, which indicates disorder in the nanotube wall. The G-band in the exposed MWCNT sample demonstrated the consistent presence of a high energy shoulder centered at 1600-1625 cm −1 , which further supported the onset of defects in the MWCNT sample. The FHWM of the D-band for the exposed areas in the MWCNT sample was also consistent with the removal of amorphous carbon upon comparison with the unexposed grid area. SEM images revealed the formation of carbon clusters, which resulted from the transformation of the tubular structures at high incident power densities. However, such features were not observed with the exposed SWCNT sample, which had significantly lower damage threshold compared to that for the MWCNT coating. Vertically aligned MWCNTs surprisingly demonstrated a low damage threshold of 0.5 kW/ cm 2 , which was attributed to the CNT burnout due to increased thermal resistance resulting from the buffer layer between the CNTs and the copper substrate. SEM images of the exposed regions revealed fusion of the nanotube tips. These observations, which depict the structural changes in the MWCNT coating upon exposure to high irradiance, have important implications for thermal detector coatings used in high power laser calibrations.
